Plectin is a large and versatile cytoskeletal linker and member of the plakin protein family.
Introduction
Plectin is a large (~500 kDa) and widely expressed cytoskeletal linker 1 that belongs to the plakin protein family 2 . As with other plakins, plectin interconnects filament networks and tethers the cytoskeleton to membrane associated structures involved in cell adhesion. In epithelial tissues, plectin is mostly localized at the basal cell membrane 3 where it is a component of hemidesmosomes 4 , which are specialized structures that mediate anchorage of epithelia to the underlying basement membrane by linking the extracellular matrix to the intermediate filament system 5 . In h emidesmosomes, plectin provides a direct link between the integrin α 6β4 (a laminin receptor) and the cytokeratin network 6 .
Plectin has a multidomain structure that is well suited for its crosslinking functions. It comprises N -and C -terminal domains that contain multiple protein-protein interaction sites, separated by an elongated central rod domain that is predicted to mediate self association via coiled-coil interactions. The N -terminal region contains an actin binding domain (ABD), which is composed of two calponin homology domains, similar to those present in proteins of the spectrin family. In hemidesmosomes, the ABD of plectin binds to the first pair of fibronectin type III (FnIII) domains of the integrin β4 cytoplasmic domain
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4 Mutations in the plectin gene result in epidermolysis bullosa simplex (frequently associated with muscular dystrophy), which is a severe skin blistering disorder characterized by fragility at the level of hemidesmosomes 12 . Inactivation of the plectin gene in mice produces a skin blistering which is postnatally lethal 13 . The alterations caused by defects in the plectin gene i n humans and mice illustrate the critical role of plectin in maintaining the stability of tissues exposed to strong mechanical stress such as the skin and muscle.
The plakin domain is predicted to have a modular structure made up of α-helices arranged in a nti-parallel bundles 14 . Thus, the plakin domain is likely to be flexible, its properties being determined by the structure of each module and by the structure of the linkers that connect these modules. Indeed, electron microscopy of purified plectin molecules suggests that the protein is flexible because the central region adopts many different conformations.
This flexibility may facilitate a dynamic response of the protein to mechanical stress. The recent crystal structure of a protease resistant fragment of the p lakin domain of BPAG1e
was an important breakthrough in our understanding of the structural properties of the plakin domain. It has revealed the presence of a tandem pair of spectrin repeats, while a second pair of spectrin repeats and a Src-homology 3 (SH3) domain have been identified by sequence comparison 15 . Nevertheless, several essential questions remain unanswered.
Plectin and other plakins that contain an ABD, such as MACF and the BPAG1 isoforms a, b, and n, have an N-terminal extension of the plakin domain tha t is contiguous to the ABD and is not present in other plakins. In plectin, this region acts in a synergistic manner with the ABD in binding to β4, and is required for the correct localization of plectin in hemidesmosomes. However, the structure of it is n ot known. Furthermore, in the current structural model of the plakin domain, some regions have not been assigned to specific
5 domains. It is uncertain if the plakin domain contains additional modules and if the linkers that connect adjacent modules are disordered and flexible or ordered and inflexible.
Here, we present the crystal structure of the N-terminal fragment of the plakin domain of plectin adjacent to the ABD. This structure is formed by a tandem pair of spectrin repeats connected by a α-helical linker. Moreover, we have identified nine spectrin repeats in the plakin domain of plectin and provide a model of the structure of the plakin domain that accounts for the complete length of this domain. Our results have clear implications for the basis of the elastic properties of the plakin domain and its contribution to tissue integrity.
Results and discussion

Overall structure
We have crystallized the N -terminal region of the plakin domain of human plectin, i.e.
residues 300-530 (numbering corresponds to the plectin 1C isoform). In order to improve the crystal quality the two Cys residues, 420 and 435, located in this fragment were replaced by Ala. The mutant protein showed a reduced nucleation rate resulting in larger and better diffracting crystals than the wild type protein. Crystals of the wild type and mutant proteins were isomorphic. The crystal structure was determined using multiple wavelength anomalous diffraction (MAD) methods from a selenomethionine derivative of the C420A/C435A double mutant ( Table 1 ). The structure of the mutant protein was refined against data from a native crystal to 2.05 Å resolution to a final Rwork of 21.0%
and an Rfree of 26.1%. The asymmetric unit contains one molecule and the final model includes residues 303-331 and 333-520, 52 solvent molecules, and one molecule of 1,2-propanediol, for which ordered electron density was observed. The model has excellent geometry with main chain torsion angles of all non glycine residues lying in the core regions of the Ramachandran plot as defined in MOLEMAN2 16 . The wild type structure A C C E P T E D M A N U S C R I P T
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6 was refined against data to 2.3 Å resolution to a final Rwork of 21.6% and an Rfree of 26.9%; and it contains the same residues as the mutant structure, but only 16 solvent molecules. The wild type and mutant structures are almost identical with the exception of the mutated residues. The root mean square deviation (rmsd) for all C α atoms between both structures is 0.21 Å, which is similar to the value of the Cruickshank diffraction precision index 17 for these structures (0.21 Å and 0.16 Å for the wild type and mutant proteins respectively). Thus, we refer to the higher resolution structure of the mutant protein unless otherwise indicated. . Within the group of three-helix left-handed coiled coils the plectin bundles most resemble the spectrin repeat fold (see below). Therefore we refer to the bundles in our structure as the first (SR1) and second (SR2) spectrin repeats of plectin.
Despite sharing an overall common fold, noticeable differences between SR1 and SR2 are observed as expected from the low sequence conservation (9 identical residues). The position of helices A and C in SR1 mostly match helices A' and C' in SR2 despite 
Comparison with other spectrin repeats
We used the DALI server 19 to search the Protein Data Bank for structural homologues of the plectin repeats. The structure found to be most similar to the SR1 of plectin is the third spectrin repeat of the α -actinin rod 20 (PDB code 1QUU) with a Z score of 14.0, rmsd of The similarity of the SR1 of plectin with SRs of α-actinin is also at the sequence level. The SR1 and SR3 of α-actinin have the highest sequence identity (20% and 18% respectively) with the SR1 of plectin, which is significantly higher than the sequence identity of the SR1 (11%) and SR2 (5%) of the BPAG1 structure. Thus, the first SR of plectin presents more similarities with repeats of the spectrin family than with repeats of the plakin domain of plakins, both at the level of its primary and tertiary structure.
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The DALI search with the SR2 of plectin revealed similarity with repeat 17 of brain α- The sequences of the spectrin repeats of the BPAG1 structure are 50% id entical with the equivalent sequence of plectin, suggesting that in plectin this region, which is not present in the structure under study, adopts a similar structure as in BPAG1. Thus, the structural differences between the spectrin repeats of the two plakins mainly reflect the structural diversity within the plakin domain, rather than differences between members of the plakin family. In summary, the first and second repeats of plectin are structurally more similar to the spectrin repeats of other proteins than to each other and to the BPAG1 repeats, suggesting that in plectin these repeats have not arisen from a late duplication event. Figure 5b ). These three predicted α-helices exhibit the heptad pattern characteristic of left-handed coiled coil, suggesting that this region adopts a spectrin repeat-like fold, with α-helices shorter than in canonical r epeats; hence, we named this region SR6. The linkers between spectrin repeats of the plakin domain of plectin are predicted to be very short; thus helices C and A of adjacent repeats are likely to form a contiguous helix as observed in the crystal structur e. The only exception is the linker between SR2 and SR3, which is ~20 residues long and suggests a more flexible interrepeat organization.
Domain-domain organization
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The SR5 contains an insertion of about 80 residues in the BC loop that corresponds to a predicted SH3 domain in BPAG1 and other plakins 15 . Testing this inserted sequence of plectin against the Protein Data Bank using profile-profile alignment and fold recognition algorithms (FFAS 28 ) confirmed a strong similarity to SH3 domains (FFAS scores between -29.6 and -37.4), which was further supported by a profile search using hidden markov models (data not shown). The SH3 domain of plectin showed the highest degree of sequence identity, 26%, with the SH3 domain of α-spectrin. MACF1. Given that the SR1 of plectin is structurally most similar to canonical repeats of spectrins, and that in plakins it always appears in combination with an ABD of the spectrin type, it is likely that the ABD-SR1 pair was simultaneously incorporated into certain plakins from an ancestral spectrin 34 .
The region of about 100 residues located immediately downstream of SR1 in BPAG1a/b/n and MACF1 are identical for respectively 29% and 34% to the SR2 of plectin; this is a significant level of similarity and thus a SR1-SR2 tandem is predicted both in BPAG1a/b/n and MACF1. The SR2 of BPAG1a/b/n and MACF1 was not detected in our profile-base search most probably because SR2 is a structurally divergent repeat, as we have observed in our crystal structure. The epithelial isoform BPAG1e lacks the SR1 region, but it does contain the SR2. The main difference between the BPAG1 isoforms and plectin resides in the separation between the SR2 and SR3, in plectin the linker region is ~20 residues long, whereas in BPAG1 isoforms it is ~120 residues long and its C-terminus adopts a loop-like structure , revealing a continuous tandem array architecture.
In summary, the plakin domain contains a conserved region built up of seven spectrin repeats organized in a tandem array with an SH3 domain inserted between helices B and C of one of the central repeats (Figure 6a,b) . In addition certain plakins contain an N-terminal extension consisting of an additional pair of tandem repeats (SR1-SR2) separated from the SR3 by a region of variable length. The structure of the plakin domain is highly reminiscent of the modular architecture of members of the spectrin family.
Modular organization and mechanical properties of the plakin domain.
Based on the dimensions of the structure of the first pair of spectrin repeats and the predicted presence of nine tandem spectrin repeats in plectin, the plakin domain is estimated to have an elongated rod-like shape with an overall length of about 45 nm, and a thickness of about 2.7 nm. Electron microscopy images of plectin either purified 35 or as part of cell cytoskeletons 36 reveal a dumb bell shape with a central region ~200 nm in length and 2 to 3 nm thick. The estimated e longated shape of the plakin domain is consistent with its localization within the central rope-like structure, predicted to also include the rod domain.
The SR1-SR2 tandem of plectin and other plakins is located adjacent to an ABD, suggesting that they may act as a functional unit. For example, both the ABD and the Nterminal region of the plakin domain of plectin containing the SR1-SR2 tandem harbor binding sites for the cytoplasmic domain of integrin β4. Therefore, the orientation relative to each other of the ABD and the SR1-SR2 is likely to be a determinant for their conjunct function. The SR1 of plectin is separated from the preceding ABD by a short linker, residues 290-303, likely to provide flexibility to the way these domains are relatively For example the two plakins present in the hemidesmosomes, plectin and BPAG1e, have nine and eight repeats respectively; therefore their plakin domains may contribute to the mechanical strength of hemidesmosomes both via specific interaction with other components and by providing specific elastic properties.
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Concluding remarks.
In summary, the crysta l structure of the first tandem pair of spectrin repeats of plectin described in this study reveals both the unique structural details of each repeat and the organization of the two-repeat module. The structural differences between the spectrin repeats of plectin and BPAG1, which correspond to non-equivalent regions, illustrate variability within the plakin domain. An exhaustive analysis of the plakin domain sequences revealed a modular architecture characterized by a continuous array of tandem
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17 spectrin repeats with an inserted SH3 domain. This structure is very similar to the modular organization of members of the spectrin family, and has profound implications for the role of plakin domains in vivo . Plakins interconnect cytoskeletal networks, anchor them to cell adhesion complexes, and contribute to the integrity of tissues subjected to mechanical stress. Tandem arrays of spectrin repeats are flexible structures. Thus, our present model provides a first interpretation at the molecular level of the way the plakin domain contributes directly to the mechanical stability of cells not only by linking cytoskeletal elements but also by providing flexible and deformable connections.
Materials and methods
Protein expression and purification
The cDNA sequence coding for residues 300-530 of human plectin (UniprotKB accession number Q15149-2) was cloned into the pET15b vector (Novagen). The double mutant C420A, C435A was created by site-directed mutagenesis using the QuikChange method (Stratagene, La Jolla CA). Proteins were expressed in Escherichia coli strain BL21(DE3) and were purified by Ni-chelating affinity chromatography as described 30 . Proteins were expressed fussed to an N-terminal His-tag that was cleaved in all samples by thrombin digestion, and was removed by a second affinity chromatography. The selenomethionine substituted protein was expressed in the non-auxotrophic strain BL21(DE3) as described 38 and purified as for the unlabelled proteins.
Crystallization and structure determination
Crystals of the wild type protein were grown at room temperature using vapor diffusion methods by mixing a protein solution at 7 mg/ml in 10 mM Tris-HCl (pH 7.5), 50 mM All c rystals belong to space group P2 1 2 1 2 and they contain one molecule in the asymmetric unit corresponding to a solvent content of 46% (Table 1) . Multiple wavelength anomalous diffraction (MAD) data from selenomethionine substituted C420A/C435A crystals were used to find the positions of seven Se atoms corresponding to six Met residues (one of them in two conformations); phases were calculated and extended to 2.5 Å resolution with ShelxC/D/E 40; 41 using the HKL2MAP 42 graphical user interface. After phase improvement with DM 43 a readily interpretable map was obtained that allowed automatic building of 149 residues using the helix recognition module in ARP/WARP 44 . The structure was refined against C420A/C435A native data to 2.05 Å resolution using REFMAC5 45 . Manua l model building using COOT 46 was alternated with restrained refinement, which at later stages included refinement of four TLS groups optimally identified by the TLS Motion Determination (TLSMD) server 47 . Solvent molecules were built in peaks over 3.5 σ of f obsfcalc maps when reasonable H-bonding pattern was observed. Electron density near Glu431
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19 was interpreted as a molecule of 1,2-propanediol. The wild type structure was refined against data to 2.3 Å resolution in a similar way as for the mutant protein.
Structure comparison and analysis
Superposition of the structures was initially done using DALI Lite 48 . Based on the prealigned structures a set of 80 Cα atoms in the first repeat of plectin was identified by visual inspection and was used to superpose other domains onto the SR1 using the LSQKAB 49 program of the CCP4 suite
50
. Superpositions onto the SR2 of plectin were done the same way, but using a set of 66 Cα atoms.
Prediction of protein motions in tandem pairs of spectrin repeats was done using the Dynamite server 51 . The server generated an ensemble of feasible protein conformations by using a non-Newtonian method as implemented in CONCOORD
52
, which were analyzed with GROMACS 53 to obtain the principal components of predicted protein motions.
Profile -based sequence analysis and secondary structure prediction
In order to identify spectrin repeats in the plakin domain of plectin and other plakins we
applied two different methods to analyze the repeat repertoire of the proteins. Both methods are based on profile searching, which allows detecting remote homologies beyond the reach of alternative sequence comparison methods such as PSI-BLAST. In the first one, that relies exclusively on sequences, a multiple alignment of 3 00 spectrin repeats was extracted from SMART 54 and PFAM 55 databases. Sequences were curated for redundancy and profiles were built using HMMER
27
. These profiles were used to search customized databases containing spectrin repeats, orthologs and paralogs of the protei n of interest. In the second method, the FFAS server 28 was used to create a profile from a sequence of interest that was subsequently compared to profiles derived from the PDB.
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Prediction of secondary structure was done using the PredictProtein server 56 and relative correspondence with the real structures was used to establish the boundaries of the repeats.
Protein Data Bank accession numbers
The atomic coordinates and struc ture factors of the wild type and mutant structures have been deposited in the RCSB Protein Data Bank under ID codes 2ODU and 2ODV. 
A C C E P T E D M A N U S C R I P T
A C C E P T E D M A N U S C R I P T Sequences from the plakin domain of plakins were analyzed. For clarity purposes, only the sequences of human plectin (Accession number Q15149-2), and two other prototypical members of the plakin family BPAG1e (Q8WXK8) and desmoplakin (P15924) are shown.
(a) Multiple sequence alignment of the spectrin repeats that constitute the plakin domain.
Repeats were identified by doing a exhaustive profile search using hidden markov models 
